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Streptococcus agalactiae (group B streptococcus [GBS]) colonizes the rectovaginal tract in 20% to 30% of women and during
pregnancy can be transmitted to the newborn, causing severe invasive disease. Current routine screening and antibiotic prophy-
laxis have fallen short of complete prevention of GBS transmission, and GBS remains a leading cause of neonatal infection. We
have investigated the ability of Streptococcus salivarius, a predominant member of the native human oral microbiota, to control
GBS colonization. Comparison of the antibacterial activities of multiple S. salivarius strains by use of a deferred-antagonism test
showed that S. salivarius strain K12 exhibited the broadest spectrum of activity against GBS. K12 effectively inhibited all GBS
strains tested, including disease-implicated isolates from newborns and colonizing isolates from the vaginal tract of pregnant
women. Inhibition was dependent on the presence of megaplasmid pSsal-K12, which encodes the bacteriocins salivaricin A and
salivaricin B; however, in coculture experiments, GBS growth was impeded by K12 independently of the megaplasmid. We also
demonstrated that K12 adheres to and invades human vaginal epithelial cells at levels comparable to GBS. Inhibitory activity of
K12 was examined in vivo using a mouse model of GBS vaginal colonization. Mice colonized with GBS were treated vaginally
with K12. K12 administration significantly reduced GBS vaginal colonization in comparison to nontreated controls, and this
effect was partially dependent on the K12 megaplasmid. Our results suggest that K12 may have potential as a preventative ther-
apy to control GBS vaginal colonization and thereby prevent its transmission to the neonate during pregnancy.

Streptococcus agalactiae (group B streptococcus [GBS]) is a
Gram-positive organism that is currently the leading infec-

tious agent responsible for neonatal morbidity and mortality in
the United States (1). The primary risk factor for newborn disease
is maternal GBS colonization within the gastrointestinal or vagi-
nal tract (1). GBS colonization of the vaginal tract during preg-
nancy may be constant, intermittent, or transient in nature among
individual women (2). In lieu of an effective vaccine, the current
recommendations from the Centers for Disease Control and Pre-
vention include late-gestational screening and intrapartum anti-
biotic prophylaxis (IAP) for GBS-positive mothers, which has re-
sulted in reduced early-onset GBS disease and infant colonization
(1). However, IAP with ampicillin for GBS-positive mothers has
been determined an independent risk factor for ampicillin-resis-
tant Escherichia coli early-onset sepsis (3) and has recently been
shown to reduce beneficial Bifidobacterium spp. in week-old new-
born intestinal flora (4). There are likely to be other unrecognized
negative effects of antibiotic exposure on long-term gut health,
which prompts development of alternative prophylactic strate-
gies. Several studies have proposed the use of probiotic strains to
control GBS and have observed inhibitory activity in vitro with
Lactobacillus (5) and Bifidobacterium (4).

In the present study, we examined the inhibitory capacity of
the oral commensal Streptococcus salivarius against GBS. S. sali-
varius is an early and prolific colonizer of the human oropharyn-
geal tract, and certain strains have been recently developed for use
as oral probiotics due to their production of a diverse assortment
of bacteriocins having inhibitory activity that is especially directed
against members of other Streptococcus species, including caus-
ative agents of strep throat and otitis media (6, 7). Several of these
bacteriocins are encoded by megaplasmids which have demon-
strated mobility to other S. salivarius strains in vivo (8). S. sali-
varius strains K12 and M18, developed and marketed by BLIS

Technologies Ltd. as probiotic strains BLIS K12 and BLIS M18,
contain the fully sequenced megaplasmids pSsal-K12 (6) and
pSsal-M18 (9), respectively. These two megaplasmids show
greater than 50% alignment, with pSsal-K12 containing loci for
salivaricins A2 and B and pSsal-M18 containing loci for salivar-
icins A2, 9, and MPS (6, 9). Because of their known inhibitory
effect on Streptococcus pyogenes and similar Streptococcus species
(8), we hypothesize that some of these megaplasmid-encoded bac-
teriocins will also have activity toward GBS.

In this study, we have utilized a deferred-antagonism test as
well as coculture assays to demonstrate that S. salivarius strains
possess differing abilities to inhibit the growth of GBS clinical
isolates. Furthermore, we have shown that S. salivarius strain K12
is capable of interacting with human vaginal epithelial cells in a
manner similar to that of GBS. Our in vitro results are corrobo-
rated in a murine model of vaginal colonization in which inocu-
lation with K12 reduces GBS vaginal carriage. Based on our data,
we conclude that administration of K12 may have potential as a
preemptive treatment to limit GBS vaginal colonization during
pregnancy and thereby prevent neonatal transmission.
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MATERIALS AND METHODS
Bacterial strains. Streptococcus agalactiae strains utilized in this study in-
clude A909 (ATCC BAA-1138), CJB111 (ATCC BAA-23), COH1 (ATCC
BAA-1176), NCTC 10/84 (ATCC 49447), NEM316 (ATCC 12403), 515
(ATCC BAA-1177), 2603 V/R (ATCC BAA-611), and six vaginal isolates
obtained from pregnant women (10), which we here denoted DMC-VI-
10, DMC-VI-27, DMC-VI-29, DMC-VI-39, DMC-VI-40, and DMC-VI-
50. All S. salivarius strains used in this study were from the laboratory
collection at BLIS Technologies Ltd. and are given in Table 1. All strains
were grown aerobically in Todd-Hewitt broth (THB) (Hardy Diagnostics,
Santa Maria, CA) at 37°C with 5% CO2. For coculture assays, all strains
were grown in THB supplemented with 1% (wt/vol) glucose and 4 mM
calcium chloride. When required, antibiotics were added at the following
concentrations: streptomycin (Strep), 1,000 �g/ml; spectinomycin
(Spec), 100 �g/ml.

Human cell lines. Immortalized human vaginal epithelial cells (hVEC;
VK2/E6E7) were attained from the American Type Culture Collection
(ATCC CRL-2616) (11). Cell lines (passages 5 to 25) were cultured in kerati-
nocyte serum-free medium (KSFM) (Life Technologies, Carlsbad, CA) with
0.5 ng/ml human recombinant epidermal growth factor and 0.05 mg/ml bo-
vine pituitary extract at 37°C with 5% CO2.

Deferred-antagonism assays. Deferred-antagonism assays were car-
ried out as described previously (12). In brief, test strains were inoculated
as a 1-cm-wide streak across a Columbia agar base (Difco) supplemented
with 5% (vol/vol) human blood and 0.1% (wt/vol) calcium carbonate.
After an 18-h incubation, visible growth of the test strain was removed
with a glass slide and the agar surface was sterilized with chloroform va-
pors for 30 min. The plates were then inoculated with liquid indicator
strain cultures perpendicular to original test strain growth and incubated
for 24 h. Distinct inhibition of indicator strains at the zone of test strain
growth was recorded as positive. The indicator strain Micrococcus luteus
was used as a positive control. All tests were performed at least in dupli-
cate, and further testing was undertaken if significant discrepancies, such
as scattered colonies across the zone of test strain growth, were detected in
the inhibition patterns obtained.

Coculture assays. For coculture experiments, overnight cultures were
subcultured to mid-log phase (optical density at 600 nm [OD600] � 0.4).
Log-phase cultures (100 �l each) were inoculated into 3 ml of fresh THB
supplemented with 1% (wt/vol) glucose and 4 mM calcium chloride ei-
ther in single culture or in coculture with another strain, as indicated in
the figures. At 0 h and 4 h postinoculation, cultures were serially diluted
and plated on THB agar plates with added Strep (1000 �g/ml) for GBS
selection or Spec (100 �g/ml) for S. salivarius selection.

In vitro cell assays. Assays of GBS adherence and invasion of hVEC
were performed as described previously (13). In short, cells were grown to

confluence in 24-well tissue culture plates and washed prior to infection.
Bacteria were grown to mid-log phase and added at a multiplicity of in-
fection (MOI) of 1. For adherence assays, after 30 min of infection, mono-
layers were washed 6 times with phosphate-buffered saline (PBS). Cells
were removed from plates with trypsin-EDTA and then lysed with 0.025%
Triton X-100. Lysate was serially diluted and plated on THB agar plates to
quantify the number of adherent CFU. The total number of adherent CFU
was calculated as (total CFU recovered/total CFU of original inoculum) �
100%. To quantify invading bacteria, cells were incubated with bacteria
for 2 h, and monolayers were washed 3 times with PBS. Cells were given
fresh medium containing antibiotics and incubated for an additional 2 h.
Monolayers were washed 3 times with PBS and lysed as described above,
and viable intracellular bacteria were determined by serial dilution plating
as quantified by adherence assays.

ELISA. For human enzyme-linked immunosorbent assays (ELISAs),
hVEC were infected as described above with several modifications. Bac-
teria were added at an MOI of 10, and cells were incubated with bacteria
for 4 h. Cell supernatants were analyzed for chemokine secretion using a
human interleukin 8 (IL-8) ELISA kit (R&D Systems) according to the
manufacturer’s instructions. For mouse ELISAs, vaginal lavage fluid was
collected as described below and analyzed using a mouse KC (CXCL1)
ELISA kit (R&D Systems) according to the manufacturer’s instructions.

Microscopy. For light microscopy, hVEC monolayers were propa-
gated on glass coverslips within 24-well plates. After an adherence assay
was performed (MOI � 100), coverslips were washed 6 times with PBS,
air-dried, heat fixed, and then subjected to a standard Gram stain protocol
as described previously (13). All images were taken with a Zeiss upright
microscope with an attached Axiocam Icc3 camera at the magnification
indicated.

Mouse model of GBS vaginal colonization. All animal work was ap-
proved by the Office of Lab Animal Care at San Diego State University and
conducted using accepted veterinary standards. Eight- to 12-week-old
female CD1 mice (Charles River Laboratories, Wilmington, MA) were
injected intraperitoneally with 0.5 mg 17�-estradiol (Sigma-Aldrich, St.
Louis, MO) in 100 �l sesame oil on day �1 (13, 14). For single-challenge
experiments, on day 0, mice were vaginally inoculated with 1 � 107 CFU
of strain A909 or K12. For probiotic treatment experiments, on day 0,
mice were vaginally inoculated with 1 � 107 CFU of A909 or COH1 in 10
�l of PBS (or with PBS as a control for some experiments). On day 1, and
all subsequent days, mice were vaginally inoculated with 1 � 108 CFU of
K12 or K12�pK12 in 10 �l of PBS. Control mice were given 10 �l of PBS.
For all mouse experiments, beginning on day 1, prior to inoculation with
S. salivarius or PBS, the vaginal lumen was swabbed with a sterile ultrafine
swab, and recovered GBS or S. salivarius CFU were enumerated by plating
them on THB agar plates with appropriate antibiotics. To collect vaginal

TABLE 1 Deferred-antagonism test with GBS clinical isolates

Strain Description

No. of GBS
isolates
inhibited

Inhibitionc against indicated GBS isolate

A909 CJB111 COH1
NCTC
10/84 NEM316 515

2603
V/R

DMC-
VI-10

DMC-
VI-27

DMC-
VI-29

DMC-
VI-39

DMC-
VI-40

DMC-
VI-50

K12 WT S. salivariusa 13/13 � � � � � � � � � � � � �
K12�pK12 K12 cured of pSsal-K12 0/13 � � � � � � � � � � � � �
M18 WT S. salivariusa 2/13 � � � � � � � � � � � � �
M18pK12 M18 cured of pSsal-M18

expressing pSsal-K12
13/13 � � � � � � � � � � � � �

Tove R WT S. salivariusa 13/13 � � � � � � � � � � � � �
NR WT S. salivariusa 5/13 � � � � � � � � � � � � �
20P3 WT S. salivariusa 1/13 � � � � � � � � � � � � �
#5 WT S. salivariusa 1/13 � � � � � � � � � � � � �
MPS WT S. salivariusa 0/13 � � � � � � � � � � � � �
P WT S. salivariusa 0/13 � � � � � � � � � � � � �
CCHSS3 WT S. salivariusb 0/13 � � � � � � � � � � � � �
a Human oral isolate.
b Human blood isolate.
c �, inhibition; �, no inhibition.
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lavage fluid for ELISA analysis, on day 2, after swabbing the vaginal lumen
but prior to K12 treatment, 20 �l of PBS was pipetted into the vaginal
lumen and gently pipetted up and down 4 times. Lavage was conducted
twice per mouse, and the resulting 40-�l samples were stored at �20°C.

Statistical analyses. GraphPad Prism version 5.04 was utilized for
statistical analyses. Differences in numbers of recovered bacteria for co-
culture assays were evaluated using two-way repeated-measures analysis
of variance (ANOVA) with Bonferroni’s multiple-comparisons posttest.
One-way ANOVA with Bonferroni’s multiple-comparisons posttest was
used for in vitro adherence and invasion assays and for ELISAs. In vivo
results for recovered bacteria were analyzed using the Kruskal-Wallis test
with Dunn’s multiple-comparisons posttest for individual days and two-
way repeated-measures ANOVA with Bonferroni’s multiple-compari-
sons posttest for analyses over time. Statistical significance was indicated
by a P of 	0.05.

RESULTS
Streptococcus salivarius inhibits GBS growth in vitro. To test the
inhibitory capacity of S. salivarius toward GBS, we utilized an
established deferred-antagonism test (8). In all, we tested 9 wild-
type S. salivarius strains against 13 GBS human clinical isolates
(Table 1). We observed a broad range of inhibition, from com-
plete inhibition (all 13 GBS strains inhibited) by strains K12 and
Tove R to no inhibition (none of the GBS strains inhibited) by
strains MPS, Trev P, and CCHSS3 (Table 1). One GBS vaginal
isolate, DMC-VI-29, appeared more susceptible to S. salivarius
and was also inhibited by M18, NR, 20P3, and #5 (Table 1). Ad-

ditional inhibitory activity was observed with strain M18 against
GBS NEM316 and with strain NR against GBS A909, CJB111, and
NCTC 10/84 (Table 1). Additionally, we observed a dependency
of inhibition on the presence of the K12 megaplasmid pSsal-K12,
as there was no inhibition of GBS by the K12 megaplasmid-defi-
cient strain K12�pK12 (Fig. 1A and B). Furthermore, megaplas-
mid-dependent inhibitory activity could be transferred to another
strain background, with M18pK12 demonstrating complete inhi-
bition (all 13 GBS strains) compared to partial inhibition (2 of 13
GBS strains) observed in the parental M18 strain lacking the pK12
plasmid (Table 1).

Because the deferred-antagonism test examines efficacy of se-
creted bacterial products without the stimulation by the indicator
species, we also examined inhibitory activity using live cultures.
Briefly, diluted log-phase GBS strain A909 and selected S. sali-
varius strains were grown in either single culture or coculture for 4
h, and the viable number of CFU was determined with antibiotic
selection on THB agar plates. After 4 h of coculture, there was
significant reduction in GBS viability when cocultured with either
K12, K12�pK12, M18, or M18pK12, compared to the viability of
single-culture growth of GBS (Fig. 1C). This reduction in viability
was not seen in any of the tested S. salivarius strains after 4 h of
culture with GBS (Fig. 1D).

Streptococcus salivarius interacts with human vaginal epi-
thelial cells. Since S. salivarius is predominantly an oral bacterium

FIG 1 S. salivarius inhibits the growth of GBS in vitro. Images are shown of deferred-antagonism tests with S. salivarius K12 (A) or K12�pK12 (B) to examine
inhibition of seven GBS invasive clinical isolates, i.e., COH1, A909, NEM316, NCTC 10/84, 515, 2603 V/R, and CJB111 (top to bottom), as described in Materials
and Methods. Tests were performed at least twice, and representative results are shown. The numbers of viable GBS A909 CFU (C) or S. salivarius CFU (D) are
shown after 4 h postinoculation either in single culture or in coculture. Experiments were carried out at least twice independently with three replicates, and the
data for one representative experiment are shown. Data were analyzed using two-way repeated-measures ANOVA (C and D) with Bonferroni’s multiple-
comparisons posttest. ***, P 	 0.001; ****, P 	 0.0001.
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(6), we tested the ability of strains K12 and M18 to interact with
the human vaginal epithelium in vitro. To assess adherence, bac-
terial strains were incubated with immortalized human vaginal
epithelial cells for 30 min and nonadherent bacteria were removed
by washing prior to quantification. We observed that K12 adhered
to vaginal cells at significantly higher levels than GBS, whereas
M18 demonstrated very little capacity to bind to vaginal cells (Fig.
2A). This phenomenon was not due to an inability of M18 to grow
in THB or tissue culture cell assay medium (data not shown).
Furthermore, the ability of S. salivarius to adhere to vaginal cells
was partially conferred by the pSsal-K12 plasmid, as the
K12�pK12 strain showed significantly reduced adherence, while
M18pK12 achieved adherence levels comparable to those of wild-
type K12 (Fig. 2A). We further visualized bacterial adherence to
vaginal cells using Gram staining and light microscopy (Fig. 2C).
Similarly, we characterized the ability of S. salivarius strains to
enter or “invade” vaginal epithelium. As described in Materials
and Methods, we recovered and quantified viable intracellular
bacteria from vaginal cell lysates after 2 h of infection and a 2-h
antibiotic treatment to eliminate extracellular bacteria. The rela-
tive invasive capacities of K12 and M18 mimicked their adherence

phenotypes, with K12 invading at levels higher than GBS and M18
showing minimal levels of invasion (Fig. 2B). Invasive capacity
may also be partially dependent on genes borne on the pSsal-K12
plasmid since its expression in M18pK12 conferred significantly
increased invasiveness compared to that of the M18 parental
strain (Fig. 2B).

Streptococcus salivarius K12 dampens the host innate im-
mune response in vitro. Because S. salivarius, particularly K12,
exhibited a robust ability to attach to the vaginal epithelium, we
next examined whether S. salivarius elicits a host immune re-
sponse in vitro. To assess immune induction, we quantified the
secretion of the neutrophil chemokine IL-8 from human vaginal
epithelial cells following incubation with GBS, K12, or both
strains together. As seen previously, GBS was a potent inducer of
IL-8 secretion from vaginal cells (14), yet K12, either with or with-
out the pSsal-K12 plasmid, did not induce IL-8 production over
levels in medium controls (Fig. 2D). Interestingly, when vaginal
cells were incubated with both GBS and K12, IL-8 levels were
significantly reduced compared to the levels in cells infected with
GBS alone, and this reduction was not dependent on expression of
pSsal-K12 (Fig. 2D). We also assessed cell viability via trypan blue

FIG 2 S. salivarius interacts with human vaginal epithelium in vitro. Adherence (A) and invasion (B) of GBS A909, S. salivarius K12, K12�pK12, M18, or
M18pK12 to human vaginal epithelial cells (hVEC) were examined at an MOI of 1. (C) Gram stain of hVEC infected for 30 min with GBS A909, S. salivarius K12,
K12�pK12, M18, or M18pK12 at an MOI of 100. Magnification, �1,000. (D) Protein expression of IL-8 in hVEC supernatants 4 h postinfection with GBS A909,
S. salivarius K12, K12�pK12, M18, or M18pK12 at an MOI of 10. Experiments were carried out at least twice independently with three replicates, and data for
one representative experiment are shown. Data were analyzed using one-way repeated-measures ANOVA (A, B, and D) with Bonferroni’s multiple-comparisons
posttest. *, P 	 0.05; ***, P 	 0.001; ****, P 	 0.0001.
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uptake and did not observe any reduction in viability between
infected cells and medium controls (data not shown).

Streptococcus salivarius strain K12 reduces the GBS load and
immune response in the vaginal tract. To substantiate our in
vitro findings that K12 is capable of interacting with the human
vaginal epithelium, we assessed the ability of K12 to colonize the
vaginal tract in vivo. Using our previously established model of
murine GBS vaginal colonization (13, 14), we monitored the bac-
terial levels of mice colonized with a single inoculation of either
GBS A909 or K12 over time. We detected vaginal colonization
with K12 in 100% of mice 1 day postinoculation, and on subse-
quent days, mice began clearing the bacteria, with approximately
half of the animals clearing K12 by 3 days postinoculation (Fig.
3A). In mice colonized with A909, we observed rates of bacterial
load and persistence similar to those seen previously (14). Addi-
tionally, the amount of K12 recovered from the vaginal vault was
10-fold lower than what was recovered for GBS (Fig. 3A).

Based on the inhibitory effect of K12 on GBS growth in vitro,
we next examined whether the presence of K12 in the vaginal tract
could alter the persistence and/or bacterial levels of GBS. To eval-
uate this possibility, mice were first inoculated with GBS A909 and
allowed 24 h to establish colonization. On subsequent days, mice
were first swabbed to assess bacterial loads and then inoculated
with K12 or given PBS as a control. By day 5 postinoculation with
GBS, mice treated with K12 exhibited significantly lower A909
levels than the control group (P � 0.0146) (Fig. 3B). Since CD1
mice begin clearing A909 about 1 week postinoculation, we did
not observe significant differences between K12-treated and con-
trol groups at later days (data not shown). Furthermore, we ex-
amined the impact of the pSsal-K12 plasmid on reduction of GBS
vaginal load and observed that although A909 levels were lower 5
days postinoculation in mice treated with K12�pK12, the results
of this treatment did not significantly differ from those of the
control group (Fig. 3C). Additionally, we examined the effect of

FIG 3 S. salivarius colonizes the vaginal tract and limits GBS colonization in vivo. (A) CD1 mice (n � 9 or 10/group) were colonized with 1 � 107 CFU of GBS
A909 or S. salivarius K12 and the vaginal lumen was swabbed daily to determine bacterial loads. (B to D) CD1 mice (n � 7 to 20/group) were colonized with
1 � 107 CFU of GBS and on subsequent days were dosed daily with 1 � 108 CFU S. salivarius K12, K12�pK12 (C and D only), or PBS, as described in Materials
and Methods. (E) Vaginal lavage fluid samples collected from CD1 mice (n � 7 or 8/group) 2 days postcolonization with 1 � 107 CFU of GBS A909 and 1 day
posttreatment with 1 � 108 CFU S. salivarius K12, K12�pK12, or PBS were subjected to KC ELISA. Lines represent median values for each group. Data were
analyzed using the Mann-Whitney test (A and E) or the Kruskal-Wallis test with Dunn’s multiple-comparisons posttest for individual days (B to D). *, P 	 0.05;
**, P 	 0.01.
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K12 treatment on another GBS clinical isolate, COH1 (serotype
III), and observed significant reduction of COH1 by day 3 postin-
oculation with wild-type K12, but not of the K12�pK12 strain,
compared to the control group (Fig. 3D).

To determine if K12 was able to reduce innate immune re-
sponses in vivo as we observed in hVEC in vitro (Fig. 2), we quan-
tified vaginal levels of KC, a mouse IL-8 homologue. We subjected
mouse vaginal lavage fluid 2 days postinoculation with A909, cor-
responding to 1 day posttreatment with K12, to KC ELISA. Mice
treated with K12 or K12�pK12 had significantly lower levels of KC
than the PBS control group (Fig. 3E).

DISCUSSION

GBS prevails as a leading cause of global neonatal disease, yet our
ability to control GBS vaginal colonization, the primary route of
neonatal transmission, remains limited. The host and mucosal
microbiota constituents that govern GBS presence in the vaginal
tract are not fully known. Several clinical studies have observed an
inverse correlation between levels of Lactobacillus species and GBS
in the human vaginal tract (15, 16). Even so, preliminary human
studies with Lactobacillus probiotic treatments (16, 17), as well as
murine models (5), have failed to show significant reduction of
GBS vaginal colonization. While this paper was being reviewed, a
recent study was published that showed reduction of GBS vaginal
load in mice, but only if Lactobacillus was given prior to GBS
colonization (18).

In this current study, we propose a novel use of the probiotic S.
salivarius for controlling GBS colonization of the vaginal tract. We
observed a range of inhibition of GBS growth by S. salivarius
strains, with certain GBS strains appearing more susceptible to
inhibition. This phenomenon is likely explained by differences in
the repertoires of bacteriocin genes or gene expression across
strains, and this is of interest for future studies. In deferred-antag-
onism tests, GBS growth inhibition by strain K12 was completely
dependent on the presence of the pSsal-K12 plasmid and the ca-
pability for expression of inhibitory activity could be transferred
to another cured plasmid-negative strain, M18, via the plasmid.
However, in coculture experiments, we did not observe this same
dependency, as K12 and M18 strains equally inhibited GBS
growth with or without pSsal-K12. Additionally, the K12�pK12
strain was also capable of reducing GBS bacterial levels within the
murine vaginal tract, although not to the same degree as K12.
Together, these data imply that there are several S. salivarius chro-
mosomal and plasmid-based factors which can affect GBS growth,
depending on interactions with secreted products or direct con-
tact between live bacteria. Furthermore, we observed reduced IL-8
secretion in vaginal cells exposed to both GBS and K12. Possible
explanations include downregulation of the host immune re-
sponse by K12 via the NF-
B pathway, as seen previously (19), or
a reduction in the total number of GBS CFU over the incubation
period through inhibition of growth by K12. Moreover, we also
observed reduced KC production in GBS-colonized mice after
only one treatment with K12. The exact mechanisms of GBS
growth inhibition or host immune modulation by S. salivarius are
unknown, and these dynamics are the focus of future work.

Although primarily considered a member of the human oral
microbiota, S. salivarius has been isolated from the vaginal tract in
approximately 2% of pregnant women (20). Our in vitro data
suggest that the ability of S. salivarius to adhere to the vaginal
epithelium varies greatly among different strains and that adher-

ence may be conferred by genes borne on megaplasmids such as
pSsal-K12. Correspondingly, we were able to demonstrate persis-
tence of K12 within the murine vagina for several days with one
inoculation (Fig. 3); however, repeated subsequent doses im-
proved colonization rates (data not shown). Previous work has
also demonstrated that S. salivarius is capable of surviving in com-
bination with Lactobacillus at pH values comparable to those in
the vagina (21). Importantly, S. salivarius K12 has also been found
safe and well tolerated as an oral probiotic in a human, random-
ized, placebo-controlled clinical trial (7). Taken together, these
data support that S. salivarius K12 is capable of persisting within
the human vaginal tract and may serve as a beneficial microbe in
this environment.

In summary, we have demonstrated that the probiotic S. sali-
varius K12 can effectively inhibit the growth of GBS in vitro, as well
as significantly reduce vaginal GBS levels in a murine colonization
model. Because the majority of CD1 mice clear the GBS strains
A909 and COH1 in a matter of 1 to 2 weeks (22), we were able to
make conclusions on the effectiveness of K12 treatment only in
the first few days postinoculation. Further optimization of this
murine model that would prolong GBS colonization in control
mice would allow for observations of extended K12 treatment,
and this is the goal of future studies. Although K12 treatment did
not completely remove GBS from the vaginal tract in mice, we did
observe a 10-fold to 100-fold reduction after 2 to 4 days of treat-
ment (Fig. 3). Since high vaginal GBS load has been associated
with increased risk for early-onset GBS disease (1) and neonatal
colonization (23), we suggest that K12 has therapeutic potential to
limit GBS vaginal colonization and neonatal transmission when
combined with additional preventative measures such as IAP or a
maternal GBS vaccine. Future work must examine the efficacy of
K12 treatment on GBS levels within the human vaginal tract to
help establish the potential of this strategy for eradicating GBS as a
pervasive element of neonatal pathogenesis.
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